The aim of this work is the identification of the best strategy for improving thermal, fire resistance and electrical conductivity of an epoxy resin for aeronautic applications. The effect of DodecaPhenyl POSS (DPHPOSS), Epoxycyclohexyl POSS (ECPOSS), Glycidyl POSS (GPOSS) and TriglycidylCyclohexyl POSS (TCPOSS) to act as flame retardants of the resin was evaluated. Flame retardancy tested by the limiting oxygen index (LOI) indicated that GPOSS has meaningful effects on the flame retardancy of the epoxy mixture. The incorporation of 5 wt% of GPOSS into the epoxy matrix resulted in a LOI value of 33 with respect to 27 of the pure epoxy mixture. The trend observed by LOI tests was confirmed by mass loss calorimetry measurements: a decrease from 540 kW/m 2 down to 327 kW/m 2 was observed in the peak of heat release rate (PHRR). LOI and PHRR values were compared with those obtained for the same resin replacing the 4,4'-diaminodiphenyl sulfone (DDS) with the bis(3-aminophenyl) phenylphosphineoxide (BAPPO) and the bis(3-aminophenyl) methyl phosphine oxide (BAMPO). BAMPO and BAPPO proved to be more effective than POSS compounds to increase LOI values. Carbon nanotubes (CNTs), embedded inside the epoxy resin to enhance electrical conductivity, are found to affect significantly fire properties of epoxy systems mainly by preventing the epoxy systems from forming intumescent charring.
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Introduction
Thermosetting structural materials can be designed to be applied as multifunctional resins. Materials of this kind have tremendous potential to impact future structural performance by reducing size, weight, cost, power consumption and complexity while improving efficiency, safety and versatility.
Successful strategies to reduce the flammability of epoxy resins, simultaneously increasing the electrical conductivity, are extremely important in the field of aeronautic and aerospace applications.
Currently, in the field of conductive lightweight resins, the material scientists have the possibility "to use" the advantages of the nanotechnologies in addition to the classical methods to protect the materials. In particular, many researchers are focusing on developing conductive nanostructured carbon forms to be embedded in the epoxy resins for improving electrical conductivity of the composite.
Moreover, flame resistance of nanofilled epoxy resins can be improved by using Polyhedral Oligomeric Silsesquioxanes (POSS) compounds or new phosphorous hardeners. In a recent paper, the authors investigate the effects of the incorporation of OctaMethylOligomericSilsesquioxanes (OMPOSS) and carbon nanotubes (CNTs) on the reaction to fire of an epoxy resin containing ammonium polyphosphate (APP) (a conventional intumescent flame retardant) cured with diethylenetriamine (DETA) [1] . They found that the combination of APP and CNTs provides no enhancement of the reaction to fire of this system; whereas using OMPOSS in combination with APP, a large synergistic effect via an intumescence phenomenon is observed. Other authors have formulated epoxy composite with 2 wt% of octa-aminophenyl polyhedral oligomericsilsequioxanes-reduced graphene oxide (OapPOSS-rGO) by using as cross-linking agent 4,4′-diamino diphenylmethane (DDM) [2] . They found that with the incorporation of 2 wt% of OapPOSS-rGO, the onset thermal degradation temperature of epoxy composite was increased by 43°C. In addition, the peak heat release rate, total heat release and CO production rate were reduced by 49%, 37% and 58%, respectively, compared to those of neat epoxy. The positive influence of POSS materials to act as fire retardants was found also for thermoplastic polymer for example for polyether-block-polyamide system (50-70% reduction of the PHRR), for polypropylene (40% reduction of PHRR) and a styrene-butadienestyrene (SBS) triblock polymer (40-60% reduction of PHRR) [3] . Other successful strategies for improving flame resistance are based on the use of phosphorous compounds. They could impart flame retardancy through flame inhibition in the gas phase and char enhancement in the condensed phase [4] [5] [6] [7] [8] [9] [10] . Considering these promising results, we have undertaken a study aimed at understanding the effect of different nanostructured carbon forms on the fire behaviour of aeronautic resins containing functionalized and unfunctionalized POSS compounds.
Several studies have been reported in the literature concerning curing of epoxy resins with phosphorous flame retardants, as well as the thermal and combustion performance of the resins containing these compounds [11] [12] [13] [14] [15] [16] . Varma and Gupta [17] found that glass fabric reinforced laminates based on DGEBA and BAMPO exhibited a higher limiting oxygen index, than those based on the DGEBA/DDS system. Epoxy resins cured with BAMPO exhibited higher char yields when compared to those cured by DDS.
Levchik et al. [18] showed that the fire retardant effectiveness of the BAMPO goes through a maximum with increasing phosphorus concentration in a tetraglycidylmethylenediphenylamine/DGEBA epoxy blend. This was attributed to the competition between the char forming fire retardant action and promotion of the evolution of combustible gases because of the catalysis of degradation. Interestingly, not many studies can be found concerning the ability of carbon nanotubes (CNT) to improve flame retardancy and thermal stability of epoxy resins and they present contradictory conclusions. Indeed, Tao et al. [19] report that CNT negatively affect the thermal stability of epoxy matrices. More specifically, they found the incorporation of CNT in epoxy accelerates the thermal degradation of epoxy and lowers its degradation temperature. The authors explain the lowered degradation temperature by an effect of the CNT on the extent of curing of the epoxy matrix yielding an epoxy/CNT nanocomposite containing unreacted components that decompose at lower temperatures. In addition, the presence of metallic catalyst residues in the CNT might also catalyze the decomposition of the epoxy. Other studies by Jyotishkumaret al. [20] confirm the decrease in overall curing density of epoxy matrices by the addition of CNT. Contrary to Tao and coll., Katsouliset al. [21] observe no significant alteration of the thermal stability of the epoxy system in presence of double-wall carbon nanotubes, but they do not notice a significant effect on the fire reaction properties of the epoxy composite whereas Lee et al. [22] obtain an improvement of the flame retardant and anti-oxidation properties of epoxy systems with addition of CNT or layered clay.
Rahatekaret al. [23] studied the effect of CNT or layered clay (MMT type) on the flammability of epoxy systems. They found that integrity of the residue/char formed from epoxy/CNT composites was superior to that of epoxy/MMT composites. They also observed a significant increase in thermal conductivity of epoxy/CNT composites with high loading of CNT. The enhanced thermal conductivity of epoxy/CNT composites was found to be responsible for the initial mass loss reduction.
Braun et al. highlighted that epoxy resins based composites containing phosphine oxide shows good performance in terms of flammability and fire behavior [24] .
In this paper we propose formulations of multifunctional epoxy resins characterized by improved flame resistance incorporating electro-conductive nanofillers. DC conductivity (S/m) values of the formulated resins range between 3.5×10 -3 and 1.68 x 10 -1 S/m. LOI (% O 2 ) values range between 30.2 and 40 and PHRR (kW/m 2 ) range between 293 and 629. The nanofilled samples behave as multifunctional systems to increase flame resistance and electrical conductivity.
Experimental
Materials
The epoxy matrix T20B was prepared by mixing an epoxy precursor, tetraglycidyl methylene dianiline (TGMDA) (Epoxy equivalent weight 117-133 g/eq), with an epoxy reactive monomer 1-4 Butanediol diglycidyl ether (BDE) at a concentration of 80%:20% (by wt) respectively.
Four different POSS compounds were dispersed in the epoxy matrix: GPOSS, TCPOSS and ECPOSS functionalized with a different number of oxirane rings, and DPHPOSS functionalized with phenyl groups. The structures of the used organic substitued POSS compounds are shown in Table 1 .
POSS/epoxy composites were prepared with 5 wt% of POSS.
The curing agent used for the curing was 4,4'-diaminodiphenyl sulfone (DDS). This hardener agent was added at a stoichiometric concentration with respect to all the epoxy rings (TGMDA, BDE and POSS -in the case of POSS with epoxy rings).
Flame retardation of the epoxy resin containing the reactive diluent was also evatuated for the formulation solidified with BAMPO and BAPPO.
BAMPO and BAPPO were synthetized, the synthesis procedure of these two hardeners is shown in the section "Supporting Information", while TGMDA, BDE, DDS were obtained from Sigma-Aldrich, and POSS compounds from Hybrid Plastics Company.
Characterizations and Experimental procedure
Epoxy blends and DDS were mixed at 120°C and all the samples were cured by a two-stage curing cycles: a first isothermal stage was carried out at the lower temperature of 125°C for 1 hour and the second isothermal stage at higher temperatures up to 200°C for 3 hours.
Fire resistance of POSS based epoxy samples was characterized by limiting oxygen index measurement (LOI) and mass loss calorimetry.
Experimental conditions for LOI tests: barrels of 80x10x3mm 3 are fixed in a vertical position and their top is inflamed with a burner. LOI, the minimum concentration of oxygen in a nitrogen/oxygen mixture required to just support the sample combustion, was measured following standard ASTM
2863.
Experimental conditions for Mass loss calorimeter: plates of 100x100x3mm 3 are exposed to a radiant cone (50kW/m 2 ) using a forced ignition. The heat of combustion released was measured using a thermopile according to standard ISO 13927.
Thermogravimetric analysis (TGA) was carried out usinga Mettler TGA/SDTA 851 thermobalance.
Resin samples were heated from 25°C to 900°C at a 10°C/min heating rate under air and nitrogen flow. The weight loss was recorded as a function of the temperature. The dispersion behavior of two different reactive organophosphorus compounds bis (3-aminophenyl) methyl phosphine oxide (BAMPO) and bis(3-aminophenyl) phenyl phosphine oxide (BAPPO) in the thermosetting mixture (T20BD) has been investigated. These two compounds act as curing agents becoming an integral part of the thermosetting matrix (with the same initial reactions as those activated by 4,4'-diaminodiphenyl sulfone (DDS) hardener agent used for the formulation containing the selected POSS). BAMPO and BAPPO were added at a stoichiometric concentration with respect to all the epoxy rings (TGMDA and BDE).
The dispersion methods were evaluated with the aim of choosing the best procedure to obtain the optimal dispersion of these compounds inside the epoxy formulation.
Epoxy blends and BAMPO were mixed by magnetic stirring at 70°C. The degassing of the mixture was performed at 45°C.
Epoxy blends and BAPPO were mixed by magnetic stirring at 95°C. The degassing of the mixture was performed at 55°C.
The MWCNTs (3100 Grade) were obtained from Nanocyl S.A. Transmission electron microscopy (TEM) investigation has shown for MWCNTs an outer diameter rangingfrom 10 to 30 nm. The length of MWCNTs is from hundreds of nanometers to some micrometer. The number of walls varies from 4 to 20 in most nanotubes. The specific surface area of MWCNTs determined with the BET method is around 250-300 m 2 /g; the carbon purity is > 95% with a metal oxide impurity of 5% as it results by thermogravimetric analysis.
Results and discussion
3.1Evaluation of the POSS compounds as compounds for improving fire properties.
Sample preparation
POSS dispersion methods were evaluated with the aim of choosing the best procedure to obtain the optimal dispersion of these compounds inside the epoxy formulation.
An efficient method to obtain a good dispersion was developed consisting in one or two steps; in the first step POSS compounds were ultrasonicated inside the liquid epoxy formulation at 90°C, in the second step, the dispersion was optimized by magnetic stirring at 120°C.
Optical stereo-microscope analysis was performed in order to evaluate the dispersion level of the POSS in the epoxy mixture.
Results on the dispersion of DPHPOSS in the epoxy mixture
DPHPOSS powder was dispersed at a percentage of 5 wt% in the epoxy mixture T20BD obtaining the sample T20BD+5%DPHPOSS; before to apply the mechanical agitation via ultrasonic waves, a preliminary analysis of the sample T20BD+5%DPHPOSS was performed by optical microscopy (see The followed magnetic stirring step performed at 400 rpm in oil bath at 120°C for 1 hour, did not lead to any relevant differences in the POSS dispersion. The microscope images showed phenomena of reaggregation (see Figure 3 ). The results on the dispersion of DPHPOSS in the T20B mixture indicates that this POSS is not epoxy-soluble and only the first step must be applied to ensure a better dispersion of POSS powder in the epoxy matrix. 
Results on the dispersion of ECPOSS in the epoxy mixture
ECPOSS was dispersed at a percentage of 5 wt% in the epoxy mixture T20BD obtaining the sample T20BD+5%ECPOSS. Visual assessment of this sample, after ultrasonication followed by a treatment of 1h in a stirred oil bath at 120°C, showed a clear mixture (see Figure 4 ). In support of these results, optical stereo-microscope examination of sample was performed by using high resolution stereo inspection. It was found that few small aggregates (not visible to the naked eye) were present after the ultrasonication, the heating stirring action at 120°C further reduces the dimension of these aggregates improving the dispersion; consequently the final material appears as a random few POSS aggregates in the liquid epoxy mixture (see Figure 5 ). 
Results on the dispersion of GPOSS in the epoxy mixture
GPOSS in the form of viscous liquid was dispersed at a percentage of 5 wt% in the epoxy mixture T20BD obtaining the sample T20BD+5%GPOSS.
Visual assessment of sample after ultrasonication highlighted the presence of filamentous residues (see Figure 6 -on the left). The subsequent stirring step in heated oil bath causes the dissolution of the filamentous residues, consequently the sample becomes clear (see Figure 6 -on the right). As for the previous sample, optical stereo-microscope examinations of sample by using high resolution stereo inspection have shown a very good level of GPOSS solubility inside the matrix after the second step (see Figure 7 ). 
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Results on the dispersion of TCPOSS in the epoxy mixture
TCPOSS liquid was dispersed at a percentage of 5 wt% in the epoxy mixture T20BD obtaining the sample T20BD+5%TCPOSS.
Visual assessment of T20BD+5%TCPOSS sample shows particle suspensions in the sample detectable also after sonication. Nevertheless, the subsequent stirring step in the heated oil bath causes dissolution of this residue making clear the sample with no particles visible to the naked eye. Optical stereo-microscope examinations of sample by using high resolution stereo inspection have shown very small aggregates well distributed into the epoxy formulations after the two steps of ultrasonication and magnetic stirring in oil bath at 120°C for 1h (see figure 8 ). In conclusion, data on the dispersion of the analyzed POSS inside the epoxy mixture T20B show that the structure of POSS plays an important role on the dissolution/dispersion of these compound into the matrix. In particular, GPOSS that is fully epoxidized with glycidyl groups is compatible with epoxy precursors and shows good level of dissolution into the initial liquid epoxy mixture after the two steps of ultrasonication and magnetic stirring at 120°C. DPHPOSS which contains no epoxy group does not dissolve into the epoxy formulations. However, the only ultrasonication step allows to obtain an homogeneous dispersions of very small aggregates inside the formulation.
3.1.2Thermogravimetric analysis
Thermogravimetric curves in air for POSS, epoxy mixture T20BD and epoxy mixture+5%POSS (T20BD+5%POSS) as a function of temperature are shown in Figure 9a . The thermal degradation process of pure POSS compounds is different for the four samples. The initial decomposition temperature that was defined as 5% mass loss temperature is 285 °C for TCPOSS, 320 °C for GPOSS, 405 °C for ECPOSS and 500 °C for DPHPOSS which appears to be more thermostable than other POSS. The inorganic Yields at 900 °C are ca. 35, 38, 43 and 47 wt% for ECPOSS, GPOSS, TCPOSS and DPHPOSS respectively which are very close to the theoretical inorganic Yield (residual silica). The considerable differences detected in the initial decomposition temperature of the pure POSS compounds are not reflected in the epoxy formulations containing the different POSS (for the chosen compositions). In fact, for the pure epoxy formulation, the initial decomposition occurs at 340 °C. This value is the same detected for the formulation containing GPOSS, whereas the initial decomposition temperature of the formulations containing TCPOSS, ECPOSS and DPHPOSS is 370 °C.
As expected, no residual yield was obtained at 900 °C for the pure epoxy formulation. In terms of the initial decomposition temperatures, the thermal stability of hybrids based on TCPOSS, ECPOSS and DPHPOSS was found to be enhanced of 30 °C (370 °C with respect to the value of 340 °C).
Thermogravimetric analysis shows that all the T20BD+5%POSS samples are thermostable up to 340 °C.
Within the experimental temperature range, all the TG profiles display two-step degradation mechanism, suggesting that the inclusion of POSS in the matrix does not significantly modify the degradation mechanism of the formulation. The residual yields for the resin containing POSS compounds are between 2 and 5 wt%, values very close to the theoretical values of the residual silica contents in the resin. The initial decomposition temperatures of the pure POSS are 360 °C for TCPOSS, 340 °C for GPOSS, 420 °C for ECPOSS and 460 °C for DPHPOSS. These values, with exception of DPHPOSS, are higher than those detected in air for all the analysed POSS. Under nitrogen atmosphere, the weight loss (%) at 900 °C is 36% for DPHPOSS, 53% for GPOSS and ECPOSS and 80% for TCPOSS. In air (see Fig. 9a ) the weight loss (%) at the same temperature is 53% for DPHPOSS, 63% for GPOSS, 65% for ECPOSS and 57% for TCPOSS. As expected, under nitrogen, for all the analysed POSS, the weight loss (%) at 900 °C is lower than the values detected in air, with exception of TCPOSS. Under nitrogen, for TCPOSS, the residual weight is ca. 20% which is a value very close to the theoretical value of 18.84 corresponding to the inorganic yield composed of silicon. All the T20BD+5%POSS samples in nitrogen atmosphere are thermostable up to 360 °C. Similar to the behaviour in air, two distinct and well-separated turns are observable in the TG curves in nitrogen; the first step is approximately in the same temperature range, whereas the second step is much slower with respect to the degradation in air. The first stage of thermal degradation for all the samples substantially occurs in the temperature range of 360-460°C, highlighting that there is no influence of POSS (for the chosen compositions) on the first step of the degradation process. A stabilizing effect of POSS seems to be active in the second stage of the degradation process at temperature higher than 700 °C.
A significant difference in the mass loss after the first stage (thermal decomposition) is observable for experiments performed in air and nitrogen atmosphere. In fact, in nitrogen atmosphere it is between 62-66%, while it is only 45-53% in air, this effect is also observed for the formulation T20BD without POSS compounds. This is a well-known behavior for thermosetting polymers where the oxygen is consumed primarily by gas-phase oxidation reactions during flaming burning of the nanocomposites, oxygen hardly reaches the thermally degrading sample surface beneath the evolved gaseous products. In fact, for these polymers the results of thermogravimetric tests performed in air would apply to smoldering combustion instead of flaming combustion. Therefore, it is recommended that TG tests for thermosetting polymer should also be performed in an inert atmosphere [25] .
Fire behavior of T20BD+5%POSS
The HRR versus time curves for the different samples are shown in Figure 10 . Fire behavior of T20BD is clearly modified in presence of POSS. In addition to the significant decrease of the peak of heat release rate, the time of ignition is slightly increased for DPHPOSS, ECPOSS and GPOSS. Table 2 gathers the limiting oxygen index (LOI), the values of the peak of heat release rate (PHRR) and the total heat release (THR); errors based on the maximum deviation from single averaged values are provided. It appears that, the presence of POSS compounds undoubtedly acts as flame retardant for T20BD epoxy system as shown by the increase of LOI (with the exception of TCPOSS) and the decrease of the PHRR. GPOSS leads to the best increase of LOI (22% with respect to T20BD value). The best behavior is also confirmed by the larger decrease in the PHRR; in fact, a decrease from 540 kW/m 2 to 327 kW/m 2 was observed in the PHRR of the T20BD+5%GPOSS sample for which we can observe the smallest value for the samples without CNTs. These results are to be related to the fully epoxidized structure of GPOSS which allows a better dispersion of the POSS particles due to complete dissolution within T20BD (see section 3.1.1 -Results on the dispersion of GPOSS in the epoxy mixture) and chemical linkages with the epoxy system. It is interesting to point out that DPHPOSS which exhibits the most thermostable structure (see Figure 9a ) also leads to a significant increase of LOI and decrease of PHRR. However DPHPOSS particles does not bear any reactive functions towards TB20D epoxy system and their lack of compatibility with T20BD can represent a limiting factor to disperse them properly at a nanoscale. S/m of the unfilled formulation [26] [27] [28] [29] [30] , is found to not improve nor deteriorate the fire properties of POSS modified epoxy systems.
Mass loss calorimeter results indicate that during combustion both the total heat and the peak of the heat released by POSS modified T20B system do not vary significantly with addiction of MWCNTs while LOI value is found to be slightly lower than those obtained from the corresponding system without MWCNTs (T20BD+5%GPOSS). The thermal conductivity of MWCNTs is suspected to be responsible for such behavior. To support this observation, the residues were further analyzed visually and compared. Figure 11 shows the photographs of residues from left to right (neat T20BD, T20BD+5%DPHPOSS, T20BD+5%ECPOSS, T20BD+5%GPOSS, T20BD+5%TCPOSS). From the pictures, it can be seen that the neat T20BD system exhibits a continual crispy char relevant of quite a good thermo-stability of the neat system. Nevertheless, no intumescence is observed for this system without POSS. For the systems containing POSS particles, with the exception of TCPOSS based system, intumescent chars are obtained highlighting that the incorporation of POSS significantly enhances the thermostability of the char. GPOSS and DPHPOSS lead to the biggest intumescent chars.
The inclusion of MWCNTs is found to decrease and even suppress the intumescence effect brought by POSS particles, confirming thermal conduction takes place all over the material limiting the flame retardancy of the material. However, the residue of this system is found to exhibit a more compact aspect stressing the ability of MWCNTs to also promote char formation. In summary, MWCNTs appear to act following two antagonist ways.
Samples containing POSS have the THR almost constant in the limit of the experimental error. For these samples, the char yield from calorimetric data was also calculated, and the results were consistent with data obtained from the TGA in nitrogen atmosphere in the temperature range just after the main degradation step.
Evaluation of the BAMPO and BAPPO as hardeners for improving fire properties.
Sample preparation
Dissolution tests of BAMPO and BAPPO in the epoxy mixture were performed with the aim of choosing the best conditions for the preparation of the samples.
Solubility test -BAMPO in TGMDA+BDE at 70°C.
BAMPO and BAPPO were used in stoichiometric amount with respect to epoxy rings (epoxy rings of epoxy precursors + epoxy rings of reactive diluent).
In order to facilitate the dissolution in the epoxy mixture, the two synthesized organophosphorus compounds have been previously finely pulverized by mechanical stirring for several hours with a stirring speed of about 450 rpm. The pulverized compounds were held under vacuum for 3 hours in order to remove moisture before being embedded in the epoxy mixture. Figure 12 shows finely pulverized BAMPO. The dissolution of BAMPO inside the epoxy blend was carried out through mechanical agitation using a magnetic stirrer (400 rpm) in an heated oil bath (70°C) for about 2 hours. After 2 hours, the mixture appeared to be fluid, caramel-colored and BAMPO particles were not visible to the naked eye. In Figure 13 we can see the mixture poured into molds used for the fire testing that have been pre-heated to preserve its fluidity. Before the beginning of the curing process, the mixture was degassed at 45°C for about 15 minutes. In Figure 14 we can see the tested BAMPO based epoxy samples, before the curing process (see image on the left) and after extraction from the molds (see image on the right). It is worth noting that different temperatures (120, 100, 90, 80°C) and different times of dissolution were tested. In all these cases the epoxy mixture became very viscous and partially cross-linked, thus preventing the solubilization of BAMPO. In Figure 15we can see the cross-linked BAMPO based epoxy sample after mechanical agitation in oil bath at 120°C for 5 minutes. 
Solubility test -BAPPO in TGMDA+BDE at 80°C.
The dissolution of BAPPO in the epoxy blend was carried out through mechanical agitation using a magnetic stirrer (400 rpm) in an heated oil bath (80°C) for about 3 hours. After 2 hours, the mixture showed a creamy consistency and had a light brown color. Several particle aggregates and lumps of BAPPO molecules were detectable. However, it was possible to avoid the formation of aggregates by slowly adding pulverized BAPPO particles in the epoxy mixture which was mechanically stirred (400 rpm) in an heated oil bath at a higher temperature (95°C) for about 3 hours. In this way, we obtained a homogeneous dispersion of the BAPPO particles in the epoxy mixture. It is worth noting that the solubility test performed at 120°C in an oil bath resulted in the crystallization and partial crosslinking of the BAPPO in the mixture after 1 hour. Before the beginning of the curing process, the mixture was degassed at 55°C for about 15 minutes. In Figure 16 we can see the tested epoxy samples containing BAPPO particle aggregates and lumps (solubilized in an oil bath at 80°C for 3h) after extraction from the molds subsequently to the curing process. 
3.2.2Thermogravimetric analysis
Thermal degradation both in air and in nitrogen of the samples BAMPO and BAPPO, shown in Figure   19a , evidences that BAPPO is more stable toward thermal oxidative destruction than BAMPO.
Figure 19 a. TG profiles of BAMPO and BAPPO in air atmosphere (on the left side), and in inert atmosphere (on the right side).
The oxidative stability enhancement is of about 240°C; in fact, for sample BAPPO sample, the beginning of the degradation occurs at about 340°C with respect to the temperature of 100°C corresponding to BAMPO. The presence of phenyl group attached to the double bond P=O most likely determines an increase of the thermal stability of BAPPO with respect to that observed for BAMPO.
First derivative TGA curves (in air and nitrogen) of BAMPO and BAPPO, shown in Figure 19 b, highlight some stages of degradation that in the TGA curves are not readily seen. In this regard, in air, a four-step and a three-step thermal degradation processes can be observed for BAMPO and BAPPO Page 20 of 44 RSC Advances RSC Advances Accepted Manuscript 20 respectively, in nitrogen instead a three-step for BAMPO and a single-step for BAPPO thermal degradation processes can be observed.
Figure 19 b. First derivative TGA curves (in air and nitrogen) of BAMPO and BAPPO.
TGA in air of BAMPO sample shows that at the end of the third stage at about 400°C a weight loss of 55% was recorded. For both compounds BAMPO and BAPPO, the first stages of degradation are most probably due to degradation processes which do not involve oxygen (dehydration, random scission etc), whereas the last steps are strongly dependent on the oxygen availability. This hypothesis is supported by the different trend of the thermogravimetric curves in inert (N 2 ) atmosphere (see graphics on the right in Figure 19a The initial decomposition temperature is 360 °C for BAMPO and BAPPO based composites (in air).
This value is higher than the value detected for the pure epoxy formulation for which the initial decomposition occurs at 340 °C.
In nitrogen the resin filled with BAMPO shows the same initial decomposition of the pure epoxy formulation.
A very interesting aspect is the behavior of the BAPPO in the epoxy mixture; in fact, although the hardener agent alone starts to degrade at lower temperature with respect to the BAMPO hardener, no relevant differences between these two hardeners are detected in the stage of beginning degradation of the resins hardened with these curing agents. Table 3 shows the limiting oxygen index (LOI) and the values of the peak of heat release rate (PHRR). Table 3 clearly demonstrate that BAMPO and BAPPO hardeners are more efficient than DDS to increase the LOI of the epoxy system. The replacement of DDS with one of these two hardener act even better than the best performing POSS (GPOSS). Data in the first three lines of Table 3 also highlight that the PHRR of the epoxy systems decreases very significantly when BAMPO or BAPPO are used in comparison to DDS. Moreover, Figure 21 shows that BAMPO and BAPPO lead to important intumescence of the systems when compared to the DDS based system. The presence of phosphorous moieties appears to act as a very efficient catalyst to char formation leading to a the creation of a protective layer that reduces the transfer of combustible gases.
Fire behavior of the epoxy mixture solidified with BAMPO and BAPPO.
Data shown in
When 0.5wt% of MWCNTs are added to the epoxy systems with or without phosphorous in order to obtain a material exhibiting electrical conductivity, it appears that similarly to the epoxy systems containing a combination of MWCNTs and POSS nanoparticles, fire properties are not further improved due to antagonist actions of MWCNTs.
Concerning the values of THR, the use of BAMPO does not causes a variation in the total heat release which is instead affected by the presence of BAPPO.
BAMPO and BAPPO are both phosphineoxides, but in contrast to BAMPO, BAPPO is not fully soluble in the resin (see section 3.2.1); moreover its presence considerably increases the viscosity.
The difference in these mass loss calorimeter results is probably caused by the heterogeneity of the material leading to different degradation paths; the authors are performing other investigations to analyze in deep this phenomena.
The presence of CNT alone also affect, in a not negligible way, the THR, specifically for sample T20BD+1%CNT(3100) that shows the highest THR (85MJ/m 2 ). On the contrary, when CNTs are embedded in the resin containing POSS, BAMPO or BAPPO the THR keeps the same value of the samples without CNT. In effect, as said before, depending on the chemical composition of the formulation, CNTs within epoxy systems cause 2 antagonist effects during combustion: a) heat conduction all over the epoxy system leading to the decrease or even disappearance of intumescence and promotion of the degradation; b) char promotion leading to the generation of more stable carbonaceous moieties and a more compact and important char obtained because of the capability of CNTs to trap radicals responsible for volatile formation.
For sample containing only CNTs, the first effect dominates and a slightly deterioration of the fire properties is observable; for the other samples containing CNT (samples hardened with BAMPO, or BAPPO o containing POSS), the combination of these two effects is reflected in the obtained results.
The same trend is also observed for the results from oxygen index tests. Therefore when 0.5wt% of MWCNTs are added to the epoxy systems with phosphorous or POSS compounds, in order to obtain a material exhibiting higher electrical conductivity with respect to the conductivity of the epoxy matrix alone, it appears that fire properties are unchanged, due to these antagonist actions of MWCNTs. It is worth noting that for the chosen concentration of MWCNTs (0.5%wt), the electrical conductivity of the nanofilled sample is beyond the electrical percolation threshold (EPT) [26] . BAPPO determine a decisive increase in the stability, and the weight loss (%) go to 5, 6% at 900°C, the higher investigated temperature. In the inert atmosphere, the second stage is much slower.
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Thermogravimetric characterization of nanofilled samples
Thebest behaviorisdetected forthe unfilled sample and the sample containing GPOSS.The beginning of the first stage, being equal both in air and in nitrogen, is most probably due to degradation processes which do not involve oxygen (dehydration, random scission etc.), whereas the second step is strongly dependent on the oxygen availability. This hypothesis is supported by the different trend of the thermogravimetric curves in inert (N 2 ) atmosphere and in air. 
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Conclusions
The incorporation of 5% of POSS into T20BD epoxy resins is beneficial for improving its flame retardancy. The most promising POSS compounds are GPOSS and DPHPOSS. Data on the dispersion of the analyzed POSS within the epoxy mixture T20B show that the structure of the POSS compound plays an important role on the dissolution/dispersion of these compound into the matrix. GPOSS was solubilized in the matrix using two steps: ultrasonication at 90°C and magnetic stirring in oil bath at 120°C for 1h.
The chosen procedure allows a good level of dissolution into the initial liquid epoxy mixture. This result is most probably due to the structure of GPOSS that is fully epoxidized with glycidyl groups which makes compatible the POSS molecule with epoxy precursors and reactive diluent. In addition, its structure allows the reaction and inclusion into the T20BD network formation during the curing cycle. This could explain the better fire behavior of GPOSS compared to the other analyzed POSS.
Another relevant result of this work regards the fire behavior of DPHPOSS which leads to epoxy system fire enhancement thanks to its aromatic pendant groups although it does not solubilize in the initial epoxy precursors. In fact, homogeneous dispersions of very small aggregates of DPHPOSS are achieved thanks to ultrasonication. Table 1 . POSS compounds investigated in this paper. Table 2 . LOI and PHRR of the epoxy samples. Table 3 .LOI , PHRR and THRof the unfilled and filled T20B formulations cured with BAMPO and BAPPO. 
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Characterization
Proton, Carbon 13 and Phosphorous 31 Nuclear Magnetic Resonance ( 1 H, 13 C and 31 P NMR) to check the structure of the compounds were used. Samples were dissolved in deuterated solvents DMSO-d6. NMR spectra were obtained on a Bruker Spectrometer Avance 400. 1 H and 13 C NMR spectra were referred to tetramethylsilane (TMS) and 31 P NMR spectra were referred to H 3 PO 4 .
Synthesis of bis(3-aminophenyl) methylphosphine oxide (BAMPO)
In this section we describe the synthesis procedure of bis(3-aminophenyl) methyl phosphine oxide as flame retardant containing phosphorous to be used in epoxy resins for aeronautic applications. Bis(3-aminophenyl) methyl phosphine oxide 4 (BAMPO) was synthesized through a published sequence [1] following three sequential steps applying some modifications. In Figure S1 the scheme of the sequence is reported.
Figure S1. Scheme of synthesis of of bis(3-aminophenyl) methyl phosphine oxide (BAMPO).
1°step: preparation of biphenyl methyl phospine oxide 2
In Figure S2 the scheme of synthesis of biphenyl methyl phosphine oxide 2 is shown. 
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Methyltriphenilphosphonium bromide (10 g, 0.028 mol ) was charged in a 250 ml two necked round bottom flask, equipped with a reflux condenser and a magnetic stirrer. Water (50 ml) was then added and the mixture was heated (120°C) to reflux until the starting material was dissolved (about 30 minutes). Meanwhile sodium hydroxide (5.6 g, 0.14 mol) was dissolved in 50 ml of water in a beaker and then transferred to the mixture and further refluxed for two hours. After the addition of sodium hydroxide solution a slightly yellow organic layer was observed on the top of the mixture. The completion of the reaction was monitored by TLC (chloroform: methanol_ 9:1). The coarse product was extracted with chloroform and then washed several times with water. The washed product was dried over a night on magnesium sulfate. Chloroform was removed under vacuum, obtaining 5 g of a white powder. The yield was of 82%. 1 H, 31 P, 13 
2°step: preparation of bis (3-nitrophenyl) methyl phosphine oxide 3
The biphenyl methyl phosphine oxide 2 (5 g, 0.023 mol) was charged into a 100 ml two necked round bottom flask equipped with a magnetic stirrer, a reflux condenser and an addition funnel. The flask was placed in an ice bath and concentrated sulfuric acid (14.6 ml) was added. The mixture was stirred until the starting material dissolved. In a separate ice bath was placed a two necked round bottom flask containing nitric acid (4.31g), and sulfuric acid (9.8 ml) was introduced dropwise. The total amount of sulfuric acid was ten times by weight the weight of nitric acid, which in turn was 5% excess of the stoichiometric amount. The acid mixture was then transferred into the additional funnel and it was added dropwise to the reaction mixture, which start to become slight yellow. The reaction was allowed to continue for two hours taking care to keep temperature into a range of 0-5°C, then it was left to room temperature for another 3 hours. After this time the reaction mixture was poured in a beaker containing ice, obtaining a fluorescent yellow precipitate, which was filtered and washed several times with water until it became neutral. The product was washed with ethanol and then the solvent residual was eliminated undervacuum. The obtained powder appeared white, but when it was dissolved in DMSO-d6 it became green. The yield was 85%. 
3°step :preparation of bis(3-aminophenyl)methyl phosphine oxide 4 (BAMPO)
Bis(3-nitrophenyl) methyl phosphine oxide 3 (6.09 g, 0.0198 mole) was charged in a three-necked round bottom flask, equipped with an overhead stirrer, an addition funnel and a reflux condenser, and 61 mL of absolute ethanol was added, heating the mixture at 50 °C until the starting material dissolved (~30 minutes). The mixture was purged with nitrogen. A small amounts of catalyst Pd/C (0.0345g) was added and hydrazine monohydrate (10.35g, 0.207 mol) was added dropwise from the addition funnel. This reaction step did not require heating since the reaction is exothermic. During the evolution of the reaction were observed several changing in the color of the mixture. From yellow to dark green to black, furthermore the evolution of gas from the mixture denoted that the reaction was occurring. When the reaction slowed down as indicated by a slowing of gas evolution, a second portion of Pd/C (0.0345g) was added and the reaction was heated to reflux for three hour at 100°C, the completion of the reduction was determined by 1 H spectra. After then discoloring activated carbon (0.1g) was added to the mixture and the reaction was left to reflux for an hour. The black solution was then cooled and filtered through celite on a filter funnel with drip-tip. A yellow solution was obtained; the solvent was evaporated under vacuum and the product 4 was obtained with a yield of 72%. The amount of catalyst used in this synthesis was slightly higher than the one suggested by Zhuang [1] ; in fact, using that amount we have obtained a red oily residue that when treated with high temperature-time treatment gave a viscous residue, which was insoluble in the majority of solvents. As suggested by Bilow et al. [2] , an equi-volume hexane-benzene mixture was added to this residuebutit was not possible to separate the desired product. Separation on silica gel using a mixture of chloroform and methanol (9:1) was successful, but gave very low yields (lower than 35% of recovered product).The best solution was found in adding chloroform to the red oily liquid residue. The red oil solution was not soluble in chloroform, whereas solvent resulted yellow. A separator funnel was used and the solution was filtered several times. Solvent was then evaporated under vacuum, with a yield of 65%. 
Synthesis of bis(3-aminophenyl) phenylphosphine oxide (BAPPO)
In this section we describe the synthesis procedure of bis(3-aminophenyl) phenyl phosphine oxide as flame retardant containing phosphorous to be used in epoxy resins for aeronautic applications. Bis(3-aminophenyl) phenyl phosphine oxide 3 (BAPPO) was synthesized via a two-step route. Firstly, the bis(3-nitrophenyl) phenyl phosphine oxide 2 was obtained as an intermediate following the procedure suggested by Liu et al. [3] . Then BAPPO was obtained by reduction of the intermediate by means of hydrazine monohydrate following the procedure suggested by Zhuang [1] with slight modifications.
Figure S22. Scheme of synthesis of bis(3-aminophenyl) phenyl phosphine oxide 3.
1°step: preparation of bis(3-nitrophenyl) phenyl phosphine oxide2
Triphenyl phosphine oxide 1 (5 g, 0.018 mol) was charged into a 250 ml two necked round bottom flask equipped with a magnetic stirrer and a reflux condenser, then 36 ml of sulphuric acid were added. In a salt/ice bath was placed a two necked round bottom flask containing nitric acid (2.61g), and sulfuric acid (18 ml) was introduced dropwise. The amount of nitric acid that is required must be carefully controlled in order to obtain a high yield of the dinitro compound. The acid mixture was then transferred into the addition funnel and it was added dropwise to the reaction mixture over a period of 2 hours, taking care to keep the temperature in a range of [-5;0]°C, then it was left to room temperature overnight. After this time, the reaction mixture was poured in a beaker containing ice, obtaining a fluorescent yellow precipitate. After the ice melted, the mixture was extracted with chloroform and washed with a sodium bicarbonate aqueous solution until neutral pH. The solvent was removed under vacuum obtaining a viscous residuum, then EtOH was added. This caused the obtainment of a precipitate. The soluble fraction was recovered from the mixture and the solvent was removed under vacuum. A white powder was obtained, which became green when dissolved in deuterated DMSO-d6.
In Figure S13 the scheme of synthesis ofbis (3-nitrophenyl) phenyl phosphine oxide 2 is shown. 1 H, 31 P, 13 C NMR spectra confirmed the structure of 2 (Figures S14-S15-S16). The yield was 60%. 1 
2°step :preparation of bis(3-aminophenyl) phenyl phosphine oxide 3 (BAPPO)
Figure S17. Scheme of synthesis bis(3-aminophenyl) phenyl phosphine oxide 3 (BAPPO).
Bis(3-nitrophenyl) phenyl phosphine oxide 2 (6.09 g, 0.0198 mole) was charged in a three-necked round bottom flask, equipped with an overhead stirrer, an addition funnel and a reflux condenser, then 61 mL of absolute ethanol was added, heating the mixture at 50 °C until 2 was dissolved (~30 minutes). The mixturewas purged with nitrogen. A small amount of catalyst Pd/C (0.0345g) was added and hydrazine monohydrate (10.35 g, 0.207 mol) was added dropwise by the addition funnel. This reaction step did not require heating since the reaction is exothermic. During the evolution of the reaction several changing in the color of the mixture were observed, from yellow to dark green to black. When the reaction slowed down as indicated by a slowing of gas evolution, a second portion of Pd/C (0.0345g) was added and the reaction was heated to reflux for 4 hours at 100°C, the completion of the reduction was determined by NMR 1 H spectrum, after discoloring activated carbon (0.1g) was added to the mixture and the reaction was left to reflux for one hour. The black solution was then cooled and filtered through celite on a filter funnel with drip-tip. A yellow solution was obtained; the solvent was evaporated under vacuum and the product 3 was obtained with a yield of 75%. 1 H, 31 P, and 13 Cspectra of bis(3-aminophenyl) phenyl phosphine oxide are reported in Figures S18-S19-S20, respectively. 1 
FTIR Investigation
Chemical structures of the synthesized organophosphorus compounds was characterizedby FTIR spectroscopy. FTIR spectra of BAMPO and BAPPO are depicted in Figure S21 . The formation of aromatic primary amine groups in these molecules is confirmed by IR absorption peaks in the range of values of about 3462-3220 cm -1 (N-H stretching vibration). Other peaks at 1172 and 1157 cm -1 (P=O group in the BAPPO and BAMPO spectra respectively) and 1437 and 1442 cm −1 (P-Ph group in the BAPPO and BAMPO spectra respectively) confirm the presence of phosphine oxide moiety in these compounds. 
